Ellipsoid and toroid-shaped articulations for total wrist prostheses were evaluated using computer modeling and laboratory experiments. An ellipsoidal design was found to accommodate greater width of the concave proximal component, resulting in better capture and prosthetic stability than a toroid shape. An ellipsoid articulation also provides greater contact area through the available arc of motion. An ellipsoidal articulation is a reasonable design for total wrist arthroplasty.
Despite advances in wrist arthroplasty, hand surgeons typically favor wrist arthrodesis over total wrist replacement, because of high complication rates and early failures associated with most wrist implants. 1, 15 Implant fracture, loosening, and imbalance have been the primary failure modes. Although wrist arthrodesis effectively relieves pain and corrects deformity, the sacrificed motion may impair function substantially, especially when multiple joints in the extremity are afflicted by arthritis. The impact of lost motion is compounded when the condition is bilateral. Consequently, procedures that preserve some degree of wrist motion have become increasingly popular, including joint replacement. 15 The design of wrist prostheses has evolved based on clinical experience, and kinematic and biomechanical studies. This evolution, spanning 30 years, has yielded three distinct generations of total wrist implants. The first generation was a one-piece silicone design 29 that had no articulating components and was made from a high per-formance elastomer. The second generation 8, 16, 17, 32 used two articulating components, usually with a metal-onpolyethylene bearing, and cemented fixation into the metacarpal canals distally and the radius proximally. The third generation implants included the Biaxial (Depuy, Warsaw, IN), Trispherical (Osteonics, Allendale, NJ), and revised Volz (Howmedica Company, Rutherford, NJ) and Meuli (Sulzer Orthopedics Ltd, Winterthur, Switzerland) prostheses. 13, 15, 18, 23, 25 These designs attempted to better reproduce the normal center of wrist motion and thereby improve wrist balance and prosthetic durability.
Continued problems with distal component loosening and wrist imbalance with these prostheses were the impetuses for developing the Universal total wrist implant (Universal, Kinetikos Medical Inc, San Diego, CA). The prosthesis (Fig 1) has a unique method of fixation for the distal component. It is fixed by a short central stem cemented into the capitate, and two deep threaded osteointegrative screws into the radial and ulnar aspects of the carpus. The fixation is combined with an intercarpal arthrodesis to provide long-term bony support. Menon reported results of patients with as much as 10 years followup without any distal component loosening. 14, 15 Others have had similar success with shorter followup. 4 These results indicate wrist replacement with a proper design can provide satisfactory function and durability.
The radial and carpal base components of the Universal prosthesis are made of CoCr and Ti, respectively. The radial component is inclined 20°to replicate the articular surface of the normal distal radius. A convex high-density polyethylene component attached to the carpal base provides the distal articular surface. Its shape closely matches that of the proximal carpal row. An initial visual impression is that it has an ellipsoidal articular surface. However, the articulation actually is toroidal with an ovoid base matching the carpal base component. Consequently, the articulating surfaces of the carpal and radial components create a dual-axis articulation that is best suited for radial and ulnar motions. That is, true congruency is maintained only during radial and ulnar deviations with the prosthesis in neutral (0°) flexion and extension. Once flexion and extension motions ensue, the articulation becomes incongruent, thereby creating instability. The articular concavity of the radial component (also toroidal shaped) has been described as deep enough to provide immediate stability when the components are inserted under appropriate tension. 15 Soft tissue balancing can be adjusted by varying the polyethylene thickness. Although the prosthetic design seems to have remedied distal component loosening, dislocation is common with this unconstrained prosthesis. Dislocation, occurred in six of the 57 cases reported by Menon. 14, 15 In the study by Divelbiss et al 4 done between 1997 and 1999 that included 19 patients (22 wrists) with long-standing rheumatoid disease, three patients had early prosthetic dislocations, all of which were volar.
The purpose of the current study was to investigate the hypothesis that a convex ellipsoidal carpal articulation would provide greater articular contact area through a larger ROM and better prosthetic stability than a toroidalshaped articulation. Using computational modeling and experimental testing, the two geometries were compared.
MATERIALS AND METHODS

Experimental Analysis
The carpal and radial stems were secured in a custom-made test fixture (Fig 2) . The fixture housing the carpal component was attached to the actuator of the servohydraulic materials testing machine (MTS Bionix, Eden Prairie, MN) whereas the fixture accommodating the radial component was attached to the load cell through an x-y stage. The translational freedom afforded by the x-y stage facilitated unrestricted component alignment, thereby allowing the carpal and radial articulations to self-seat.
To date, the precise nature of dislocation that occurs with the Universal prosthesis is unknown. Experience has led us to reason that combinations of translatory and rotary motions are responsible for dislocation. Therefore, the resistance of the implant to a rotation about a central axis parallel to the stem of the carpal component was tested first (Fig 2) . Initiating in the neutral prosthetic position, the carpal complex was rotated +45°with respect to the radial component, after which it was swept back through the neutral position to an angle of -45°, at a rate of 1°per second. Six replicate trials were done for each of the six compressive loads (10-110 N; 20-N increments) considered. By restricting the mode of dislocation to rotation, a constant compressive load was maintained readily throughout the experiment thereby providing a means to directly validate our computational model.
To compare the toroidal and ellipsoidal geometries experimentally, a prototype carpal component with an ellipsoidal shape was fabricated and tested with the original Universal radial component under the aforementioned experimental conditions. The material properties and surface finish were similar to those of the toroidal component.
Computational Model
A series of three-dimensional finite element models of the Universal total wrist implant, and modifications thereof, were developed ( Fig 3) . Computer aided design (Pro/ENGINEER, PTC, Needham, MA) capabilities were used to model the Universal prosthesis based on the manufacturer's dimensional specifications. The model was imported into the solid modeler PATRAN (MSC Software, Los Angeles, CA, Version 8.5), enabling a finite element mesh to be generated for each component. The polyethylene carpal component ( Fig 3A) was modeled as a nonlinear deformable body with an elastic modulus (E) and Poisson ratio of 634.92 MPa and 0.45, respectively. Six thousand four hundred eight-noded hexagonal elements were used to mesh the polyethylene component. The elastic modulus of the CoCr and Ti alloys are significantly greater than that of ultrahigh molecular weight polyethylene (UHMWPE). As a result, the carpal base (assumed to be directly bonded to the polyethylene component) and the articulating surface of the radial component were meshed as a rigid body and a rigid surface, respectively. The benefit of this simplification is a considerable gain in computational efficiency. The carpal and radial surfaces were represented by fournoded quadrilateral elements (1600) and three-noded triangular elements (2108), respectively.
In accordance with the experimental study, an ellipsoidal distal articular component was modeled similarly. Maintaining the major and minor radii of the toroidal shape, the ellipsoidal articulation was created by revolving the large radius of curvature 180°about an axis established by the smaller radius ( Fig 3B) .
To accurately reflect the physical motions, the finite element model was prescribed the same degrees of freedom as those Prosthetic Wrist Stability specified in the physical experiments. Initiating in the neutral position, the radial component was free to translate in the radial and ulnar and volar to dorsal directions while the carpal complex was unconstrained along the vertical axis (Fig 4) . A compressive load was maintained while the prescribed rotation was applied in increments of 0.1°about a central axis parallel to the stem of the carpal component. The compressive load was varied between models from 10-110 N, in 20-N increments, to simulate various degrees of soft tissue tension. Initially, the articulating interface was assumed frictionless, with necessary alterations made to complement the experimental findings. A nonlinear, largedisplacement, contact finite element analysis was done with ABAQUS (Version 6.2; Hibbitt, Karlsson & Sorensen, Inc, Pawtucket, RI).
The primary outcome measure used in the current study was the resisting moment developed during rotation leading to dislocation. The computational model enabled additional information to be garnered such as a full-field stress and strain analysis throughout the dislocation event. Once the computational model had been validated using the experimental data for rotational dislocation, additional motions were considered. For example, the finite element model enabled contact stress distributions to be readily established and compared throughout the range of flexion and extension.
The Modified Radial Articulation
Based on favorable results with the ellipsoidal carpal articulation, we expanded the study to evaluate (experimentally and computationally) a modified radial component (Figs 5, 6 ). The volar to dorsal width of the component was increased by 5 mm Clinical Orthopaedics and Related Research ( Fig 5) , resulting in increased capture of the components. The dual toroidal shape of the Universal implant will not accommodate such an increase in the volar to dorsal width because it would severely hinder motion during flexion and extension. Experimentally, five trials were done. A compressive load of 30 N was maintained throughout the experiment. Again, the primary outcome measure was the resisting moment developed in response to rotation.
RESULTS
Toroidal versus Ellipsoidal Carpal Articulations
The experimental and computational results were in good agreement. The results for the toroidal Universal implant are summarized in Figure 7 . This articulation had an extreme sensitivity to rotational malalignment at even subdegree rotations. On average, the maximum resisting moments were encountered experimentally within 2°to 3°r otation. Furthermore, the computational model revealed that once neutral alignment was lost there was a shift in surface contact, in its position (Fig 8) and area (Fig 9) , which was accompanied by a substantial increase in peak stress. Similar incongruities occurred in flexion and extension. With less than 2°flexion or extension, the convex toroidal articulation no longer is contacting the depths of the concave radial surface ( Fig 10A) . As such incongruencies develop there is an accompanying decrease in resistance to dislocation.
The ellipsoidal shape resulted in a more consistent contact area (Figs 10B, 11 ) throughout the range of flexion and extension. Simply changing the carpal geometry from a toroid to an ellipsoid, however, did not significantly alter the resistance to rotation when articulated with the original Universal radial component. The rotational resistance of the ellipsoidal articulating surface, under 30-N compressive load, was approximately 144 N-mm, compared with 153 N-mm for the toroidal component. Figure 12 shows the characteristic force-displacement curves for the original Universal design and the collec- Fig 3B) and the modified radial component (Fig 5B) is shown.
Modified Radial and Carpal Articulations
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Prosthetic Wrist Stability tively modified carpal and radial components. The average peak resistance to rotation (30-N compressive load; rotation rate, 1°/s) for the combined modifications was 305 (± 5.0) N-mm at approximately 11°rotation. Assuming a frictionless interface, the rotational resistance of the finite element model was 250 N-mm. Increasing the friction coefficient to 0.075 produced a curve virtually identical to the experimental results (Fig 13) . The modified radial component did not alter the contact stress distribution seen with the original radial component and the ellipsoidal carpal component. Therefore, the resulting stress distribution is similar to that shown in Figure 10B . Early results with the Universal Total Wrist Implant have been promising. 4, 14, 15 The Universal implant has been reported to average 36°dorsiflexion, 41°flexion, 7°r adial deviation, and 13°ulnar deviation. 15 However, within these ranges of motions and those reported to be used in activities of daily living, 2, 21, 26 it is likely that the toroidal articulations become unseated, resulting in diminished contact and increased risk of dislocation. Clinical findings show that volar dislocation has been the most common major clinical complication. 15 We began by investigating the behavior of the current Universal implant. Subsequently, modifications were made to the articulating surfaces with the intent to increase surface contact during motion and to improve implant sta- The width of the Universal radial component then was increased, thereby providing greater capture of the ellipsoidal carpal component and increased rotational stability. No attempt was made to optimize the trade-offs among rotational resistance, rotational displacement, and transmitted torques to the bone interfaces. It is unclear whether the 11°rotation provided by the modified components is optimal. Ideally the articular shape should also optimize the balance between contact area and friction to reduce polyethelene wear. Although the shape of the carpal-side articulation was altered, its major and minor axes were unchanged. The volar to dorsal width of the radial component was increased but still allowed a 70°arc of flexion to extension. As shown by the increase in rotational resistance from the original to the modified radial components, this dimension plays a dominant role in rotational stability of the implant.
Finite element methods have been used extensively with much success in the analysis of orthopaedic implants. 3, 6, [10] [11] [12] 19, 20, 22, 27, 28, 31 There is growing interest in the application of numerical models to find optimal solutions to problems in contact mechanics. 5, 7, 9, 20, 24, 27, 28 In our study, modeling generated information not readily available through experimental testing. For example, the model enabled full-field stress analyses throughout the arc motion. Furthermore, it allowed efficient analyses in other configurations including flexion and extension.
The strong agreements seen between experimental and computational findings in our study lends credibility to the use of this technique to predict how design modifications influence prosthetic performance. For example, within the loading range tested, a monotonic, almost linear relationship between axial load and resistance dislocation was observed during rotational displacement. Symmetry of the carpal component, the radial to ulnar and volar to dorsal, dimensions coupled with the volar to dorsal symmetry of the radial component implies that rotational behavior is identical in flexion and extension and during axial rotation regardless of the direction of applied moment. The discrepancies in the rotational resistance observed experimentally may be attributed to the slight differences in the lip of the radial component as a result of manual finishing techniques used in manufacture. Furthermore, the asymmetric nature of the stress contours observed during flexion and extension may be attributed to the radial to ulnar asymmetry, namely, the 20°inclination of the radial component.
Our results should be considered in the context of the model's assumptions and limitations. Although the computational model compared favorably with the experimental findings, we considered only one mechanism of dislocation in detail. The wrist functions in a wide variety of configurations and therefore extrapolation to other wrist positions may not be straightforward. By reducing the tendency for components to disarticulate (through the change from a toroid to an ellipsoid) during flexion and extension, however, should alone reduce the tendency for dislocation in positions other than neutral. However, the better resistance of the ellipsoid shape to dislocation in flexion and extension with the forearm in neutral should predict a similar improvement in other forearm positions.
It was assumed rotation occurred through the implant's center of rotation. However, if the centers of rotation of the implant and wrist did not coincide because of the ligament constraints, muscle forces, or external loads, the prosthesis may behave differently regarding contact stresses and stability. In addition, implant behavior may be positiondependent from these asymmetric forces. The absence of surrounding soft tissues may result in overestimation or underestimation of in vivo implant stability.
Despite the mechanical deficiencies of the toroidal design found in this study, the Universal prosthesis has performed well in patients when dislocation does not occur.
The aim of the current study was not to rebuke the clinical value of the implant but rather to better understand its mechanical behavior relating to prosthetic stability. The current results provide useful information for enhancements to implant design.
